Meiotic drive is the preferential transmission of a particular allele at a given locus 9 during sexual reproduction. The phenomenon is observed as spore killing in a variety of fungal 10 lineages, including Podospora. In natural populations of Podospora anserina, seven spore killers 11 (Psks) have been identified through classical genetic analyses. Here we show that the Spok gene 12 family underlie the Psk spore killers. The combination of the various Spok genes at different 13 chromosomal locations defines the spore killers and creates a killing hierarchy within the same 14 population. We identify two novel Spok homologs that are located within a complex region (the 15 Spok block) that reside in different chromosomal locations in given natural strains. We confirm that 16 the individual SPOK proteins perform both the killing and resistance functions and show that these 17 activities are dependent on distinct domains, a nuclease and a kinase domain respectively. 18 Genomic data and phylogenetic analysis across ascomycetes suggest that the Spok genes disperse 19 via cross-species transfer, and evolve by duplication and diversification within several lineages. 20 21 65 Natural populations of the filamentous fungus Podospora anserina are known to host multiple 66 spore killers (Grognet et al., 2014; van der Gaag et al., 2000; Hamann and Osiewacz, 2004) and 67
Introduction 22 The genomes of all Eukaryotes harbour selfish genetic elements that employ a variety of mech- 23 anisms to undermine the canonical modes of DNA replication and meiosis to bias their own 24 transmission (Werren et al., 1988; Burt and Trivers, 2009 ). As the proliferation of these elements 25 is independent from the regulated reproduction of the host organism, they can create conflict 26 within the genome (Rice and Holland, 1997) . Such intragenomic conflict is predicted by theory to 27 spur an arms race between the genome and the elements, and consequently act as a major driver 28 of evolutionary change (Werren, 2011). To understand the extent to which intragenomic conflict 29 has shaped the evolution of genomes and populations it is crucial to identify the selfish genetic 30 elements which are able to impact the dynamics of natural populations. 31 One important class of selfish genetic elements are known as meiotic drivers. These use 32 a variety of mechanisms to hijack meiosis in order to bias their transmission to the gametes in 33 proportions greater than 50% (Sandler and Novitski, 1957) . This segregation distortion of alleles can 34 be difficult to observe unless it is linked to an obvious phenotype such as sex (Sandler and Novitski, 35 1957; Helleu et al., 2014) , thus the prevalence of meiotic drive in nature is likely underestimated. 36 Nevertheless, meiotic drive has been observed in many model systems, including Drosophila, Mus, 37 Neurospora, and Zea mays, suggesting that it is likely widespread across all major Eukaryotic groups 38 (Lindholm et al., 2016; Bravo Núñez et al., 2018) . Meiotic drive can be classified into three broad 39 categories: female meiotic drive, sperm killing, and spore killing (Lindholm et al., 2016) . Spore 40 killing is found in ascomycete fungi and represents the most direct way to observe the presence 41 of meiotic drive (Turner and Perkins, 1991) . When a strain possessing a driving allele mates with 42 a compatible strain that does not carry the allele (i.e., a sensitive strain), the meiotic products 43 (ascospores) that carry the driving allele will induce the abortion of their sibling spores which do not 44 have the allele. Spore killing is apparent in the sexual structures (asci) of the fungi as it results in half 45 of the normal number of viable spores. Due to the haplontic life cycle of most fungi, spore killing 46 is unusual among meiotic drivers as it is the only system where the offspring of an organism are 47 killed by the drive (Lyttle, 1991) . Additionally , 2012; Hammer et al., 1989) . 52 Meiotic drivers are often expected to reach fixation or extinction in populations relatively rapidly 53 (Crow, 1991) , at which point the effects of the drivers will no longer be observable. In agreement 54 with this expectation, most drivers which have been described exhibit large shifts in frequencies in 55 both time and space (Lindholm et al., 2016; Carvalho and Vaz, 1999) . In the case of spore killers, 56 multiple drivers have been found to coexist within a given species. The evolutionary dynamics of 57 multiple drivers within species has not been thoroughly explored, but two contrasting examples 58 are known. In genomes of Schizosaccharomyces pombe, numerous copies of both functional and 59 pseudogenized versions of the wtf driver genes are found, suggesting that they duplicate readily, 60 drive to high frequency in populations, and then lose their ability to kill (Nuckolls et al., 2017; Hu 61 et al., 2017). In contrast, the two spore killers Sk-2 and Sk-3 of Neurospora intermedia have only been 62 described in wild strains four times and once respectively, whereas resistance to spore killing is 63 widespread (Turner, 2001) . In neither of these cases, have the impact of multiple drivers coexisting 64 in a single population been characterized. The seven separate Psks are defined by their spore killing percentage and mutual interactions. To understand how the spore killing percentages relate to the genotypes of the strains, it is necessary to first appreciate some of the fundamental aspects of Podospora biology. Within the fruiting body (perithecium), dikaryotic cells undergo karyogamy to produce a diploid nucleus and immediately enter meiosis. After meiosis, one round of post-meiotic mitosis occurs, resulting in eight daughter nuclei. The nuclei are packaged together with their non-sister nuclei from mitosis (dashed line) to generate dikaryotic, self-compatible spores. In a cross where the parental strains harbour two alternative alleles for a given gene of interest (one of which is indicated by the red mark on the chromosome), spores can be produced which are either homoallelic or heteroallelic for the gene, depending on the type of segregation. Specifically, if there is no recombination event between the gene and the centromere, the gene undergoes first division segregation (FDS) and the parental alleles co-segregate during meiosis I, generating homoallelic spores (i). FDS of a spore killing gene will thus result in a 2-spored ascus (ii). If there is a recombination event between the gene of interest and the centromere, second division segregation (SDS) occurs. In this case heteroallelic spores will be formed (i). For spore killing, a 4-spored ascus will still be produced as only one copy of the spore killer is required to provide resistance (ii). As SDS is reliant on recombination, the frequency of SDS relates to the relative distance from the centromere and can be used for linkage mapping. When there is spore killing, the percent of 2-spored asci is the frequency of FDS, and is referred to as "spore killing percentage". The Psks were described by crossing different strains and evaluating what their spore killing percentage is in each cross. The seven unique Psks were shown to interact in a complex hierarchy, showing either a dominance interaction, or mutual killing. Notably, crosses of strains carrying mutually resistant spore killers can still produce 2-spore asci if the killer loci are in different chromosomal locations (See Appendix 1 for more details and Figure 4-Figure Supplement 1 for a reproduction of the hierarchy presented in van der Gaag et al. (2000) ).
from the Wageningen Collection that was originally provided by the laboratory of Léon Belcour. We 136 refer to this strain as T D , and sequenced it using only Illumina HiSeq. The genome of T D matches 137 Silar et al. (2018) as the epitype of P. comata (See Appendix 2 for further discussion). 138 The final assemblies (long-read technologies polished with Illumina HiSeq data) consist of 18 139 to 53 scaffolds, from which the majority were either mitochondrial or rDNA in origin. Amongst 140 the remaining scaffolds, the expected seven chromosomes were recovered in their entirety for 141 almost all strains with PacBio data, and in up to 15 scaffolds with those sequenced using MinION 142 (Figure 1-source data 1) . Since the assemblies of each strain were produced from one haploid 143 (monokaryotic) isolate, we will refer to specific genome assemblies with their strain name followed 144 by their corresponding mating type, e.g. Wa63+. 145 Identification of novel Spok genes 146 By searching our assemblies for the Spok2 sequence (presented by Grognet et al. (2014) ) using 147 BLAST, we could confirm the presence of this Spok gene in the majority of strains, in agreement 148 with Grognet et al. (2014) . Furthermore, based on sequence similarity with Spok2, we identified two 149 novel homologs that we refer to as Spok3 and Spok4. Additionally, the BLAST searches recovered a 150 pseudogenized Spok gene (SpokΨ1). The Spok gene content of the strains investigated in this study 151 is reported in Table 1 . 152 A schematic representation of the Spok homologs is shown in Figure 1A . We considered the 
Psk Figure 1C) . Lastly, the three copies of SpokΨ1 are all unique (Figure 2-source data 2) . 183 Notably, a number of the variants of (Figure 1C) , which is at odds with the high structural similarity of the CDS of Spok1 and Spok4 197 ( Figure 1A) . Therefore, we cannot make any strong inference about the relationships between the 198 Spok homologs from the sequence data. 199 The Spok1 gene was previously identified from T D (Grognet et al., 2014) . No other strains 200 investigated in this study were found to possess Spok1, indicating that it is likely not present in P. is not the same as Psk5xS 5 ( Table 1 ). These data suggest that the Spok content is responsible for 225 the killer phenotype of the Psks. 226 As the various Psk types reflect specific Spok gene content, we can estimate the frequency of each 227 Spok gene in the Wageningen population from van der Gaag et al. (2000) . We have determined 228 the Spok gene composition for Psk-1, Psk-2, Psk-4, Psk-5, and Psk-7, as well as those previously 229 considered as "sensitive", now Psk-S. These account for 92/99 strains collected from Wageningen. 230 The seven remaining strains were identified as either Psk-3 or Psk-6. Our representative strain of 231 Psk-3 (Wa21) was shown to be Psk-2, and we are unable to comment on Psk-6 as our representative 232 strain (Wa47) behaves as Psk-4 in test crosses ( Table 1) . Therefore we assume strains annotated as (Table 1) . Importantly, these 244 positions correspond with a single SNP tract from the S 5 backcrosses. In P. pauciseta (CBS237.71) 245 the Spok block is found in chromosome 4. The Spok block of the different strains shares segments 246 and overall structure (Figure 2 and . Alignment of the Spok2 locus in selected strains. The haplotypes are defined by the flanking genes P_5_20 and P_0_1630 located in chromosome 5 of the three sampled species. Every strain has a haplotype of different size, mainly due to differences in transposable element (TE) content. Within P. anserina, the TE variation across all sequenced strains occurs downstream of Spok2, as exemplified by strains Wa63 and S. The strains Wa46, Y and T G all lack Spok2 and share break points. Notice that P_5_20 stands for the Pa_5_20 and PODCO_500020 in the reference annotation of P. anserina and P. comata, respectively, while P_0_1630 stands for Pa_0_1630 and PODCO_001630. As a note, P. pauciseta has a duplication of three genes in tandem from chromosome one (Pa_1_1080-60) between the flanking genes. Hit_Pa_X_XXX genes stand for significant BLAST hits to genes of Podan2. TE nomenclature follows Espagne et al. (2008) . Spok3 and Spok4 function as meiotic drive genes 269 We constructed knock-in and knock-out strains to confirm that the newly discovered Spok homologs 270 Spok3 and Spok4 can induce spore killing on their own (Table 2) 
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The P. anserina Spok homologs are functionally independent 282 To determine whether there are epistatic interactions among the Spok genes of P. anserina, pairwise 283 crosses between the strains were conducted to determine which matings resulted in spore killing 284 (Figure 4-source data 1) . To assess any epistatic interaction between different killer types, dikaryotic 285 F1 progeny that are homoallelic for the killing locus (Box 1) were selected, backcrossed to both 286 parental strains, and were also allowed to self. Killing interactions were classified into one of the 287 following categories. 3. Mutual killing -Spore killing is observed when backcrossed to either parent and/or when F1 293 progeny are selfed. 294 As an example, in a cross between Psk-1 and Psk-7 there is spore killing. However the F1 progeny 295 from this cross show no killing to either parent, satisfying condition 2. Thus they are mutually 296 resistant, which is consistent with the fact that they carry the same three Spok genes. The reason 297 spore killing is observed in the original cross is because the Spok block is located at different 298 genomic positions. As a result, the Spok block can co-segregate during meiosis, leaving two spores 299 without any Spoks and making them vulnerable to killing (see Appendix 1 for a detailed explanation). 300 The results from these crosses are reported in Figure 4 -source data 1. Note that we found 301 several of the Psk designations of the strains to differ from those reported previously, and these 302 discrepancies are shown in Table 1 . From the epistatic interactions and killing percentages of the 303 crosses, we construct a killing hierarchy (Figure 4 ) that also differs from that reported in van der Table with killing percentages for all crosses tested between strains. Spore killer types Psk-1 and Psk-7 reside at the top of the hierarchy, possess a Spok block with 310 both Spok3 and Spok4, and have Spok2 (Figure 4) . Psk previous results that Spok2 alone is able to induce spore killing (Figure 4 ; and see Grognet et al. 317 (2014)). Spok2, suggesting that Spok2 is responsible for killing in these crosses. If Spok2 is responsible for 322 killing when Psk-1 is crossed with Psk-5, we expect the killing percentage to be the same as with 323 crosses between Psk-S and naïve strains (~40%). However, these crosses consistently show only 324~2 5% killing. To confirm that Spok2 is responsible for killing in crosses between Psk-1 and Psk-5, a 325 pooled sequencing approach was employed. A cross was conducted between Wa87 (Psk-1) and Y 326 (Psk-5), and spores from 2-spored (spore killing) and 4-spored asci (heteroallelic for killers) were is responsible for spore killing when Psk-1 is crossed to Psk-5 and thus that neither Spok3 nor Spok4 332 provides resistance against Spok2. 333 Of note, crosses between Psk-1 and Psk-5 often produce 3-spored asci and occasionally show 334 erratic killing, which may contribute to the lower killing percentages. This phenomenon is also 335 observed in crosses between Psk-S and naïve strains. We have been able to isolate a spore from a 336 3-spored ascus in a cross between Psk-S and a naïve strain that has no copy of Spok2 (Appendix 2). 337 Therefore, the 3-spored asci are likely due to incomplete penetrance of the killing factor and 338 supports the conclusion that the spore killing observed in these crosses is caused by the same gene, 339
Spok2. This result is consistent with findings presented in the study by van der Gaag (2005) that 340 provided independent evidence for incomplete penetrance of spore killing between S and Wa46 341 (Psk-S and naïve). 342 The spore killing interactions of Spok3 and Spok4 cannot be dissociated from the Spok block 343 with the use of wild or introgressed strains, so we made use of the aforementioned knock-in 344 strains to confirm the independence of the Spok gene interactions from the Spok block. First, 345 to confirm the killing interaction between Spok3 and Spok4, we crossed a strain bearing Spok4 346 at PaPKS1 with a strain bearing Spok3. Because crosses homozygous for the PaPKS1 deletion 347 have poor fertility, we constructed a strain in which Spok3 is inserted as a single copy at the , 2007) . 427 The SPOK proteins show a large degree of conservation among them and analyses of molecular 428 evolution suggest that different domains of the protein evolve under different constraints. The killing and resistance functions can be attributed to separate domains 439 The ability of the Spoks to perform both killer and resistance function with a single protein is 440 unique among meiotic drive systems (Bravo Núñez et al., 2018) . To investigate the role that the 441 aforementioned domains may play in these two functions, we constructed a number of point 442 mutations and truncation variants of Spok3 and assayed their ability to kill or provide resistance 443 in vegetative cells. We are able to determine that domain 2 is important for killing activity while 444 domain 3 is important for resistance activity. 445 It was shown previously that the kinase domain of SPOK2 (Figure 5) is involved in the resistance 446 function (Grognet et al., 2014) . We generated a point mutant affected for the predicted catalytic as-447 partic acid residue of Spok3 (D667A). The mutant allele was first used in transformation of a ΔSpok2 448 recipient strain. This Spok3 D667A mutant allele leads to a drastic reduction in transformation 449 efficiency (Figure 4-source data 2) while the Spok3 wt allele only moderately affects the number 450 of transformants. Since this first approach results in random integration and potential multicopy 451 insertion, we also attempted to introduce the mutant Spok3 D667A allele as a single copy at the 452 (Figure 1-Figure Supplement 2) . No further attempts to insert the mutant allele at PaPKS1 were 463 made. 464 If toxicity of the Spok3 D667A allele in vegetative cells is mechanistically related to spore 465 killing, it is expected that this toxicity should be suppressed by wt Spok3. Therefore, we assessed 466 whether Spok3 D667A toxicity in vegetative cells is suppressed by co-expression with wt Spok3. 467 Co-transformation experiments were set up with Spok3 D667A used as the transformation vector in 468 the presence or absence of wt Spok3. As in the previous experiment, Spok3 D667A alone was found 469 to affect transformation efficiency, but this effect was suppressed in co-transformations with Spok3 470 (Figure 4-source data 2) . This experiment confirms that Spok3 D667A is only toxic in the absence of 471 Spok3. Therefore, the Spok-related killing and resistance activities can be recapitulated in vegetative 472 cells. 473 We also analyzed the role of the conserved cysteine cluster just upstream of the kinase domain. 474 Three strains with point mutations in that region were constructed (a C493A C497A double mutant 475 and C511A and C511S point mutants) and the mutant alleles were used in transformation assays 476 as previously described for Spok3 D667A. All three mutants reduced transformation efficiencies 477 as compared to the controls and this effect was suppressed in co-transformations with wt Spok3 478 (Figure 4-source data 2) . These results suggest that the kinase domain and the cysteine-cluster 479 region are both required for Spok-related resistance function but not for the killing activity. To 480 test this, we constructed a truncated allele of Spok3 which lacks these two regions: Spok3(1-490) 481 (see Figure 5-Figure Supplement 1) . The Spok3(1-490) allele drastically reduced transformation 482 efficiencies and this effect was suppressed in co-transformations with wt Spok3 (Figure 4-source   483 data 2). If, as proposed here, the toxicity and suppression activities assayed in vegetative cells are 484 mechanistically related to spore killing, then domain 3 appears to be required for the resistance 485 function but dispensable for the killing activity which can be carried out by the N-terminal region of 486 the SPOK3 protein (domains 1 and 2). 487 Next we analyzed the role of the predicted nuclease domain (domain 2) in spore killing activ-488 ity. We generated a point mutant affected for the predicted catalytic core lysine residue (K240A). 489 Introduction of this point mutation in the Spok3(1-490) allele abolished its killing activity in trans-490 formation assays (Figure 4-source data 2) suggesting that the nuclease domain is required for 491 killing activity. The Spok3 K240A mutant was then inserted at the PaPKS1 locus and the resulting 492 knock-in strain was crossed with a ΔSpok2 strain (to assay killing) and to a Spok3::PaPKS1d strain 493 (to assay resistance) (Figure 4-Figure Supplement 2M and N) . In the cross to ΔSpok2, no killing 494 was observed: the majority of the asci were four-spored with two white and two black spores Figure 6 . A maximum likelihood phylogenetic tree of closely related SPOK homologs. The majority of sequences come from the Hypocreales, but other lineages of Sordariomycetes are represented, as well as one species from the Onygenales (Eurotiomycetes). The clade that includes the Podospora SPOKs contains within-genome duplicates and has a number of putative pseudogenes (marked with a Ψ symbol). The NECHA_82228 protein (in purple) has been demonstrated to exhibit some spore killing characteristics in a P. anserina strain. Rooting was based on the broader alignment generated for the protein domain predictions. Bootstrap support values higher than 70 are shown above branches, which are proportional to the scale bar (substitutions per site). Tip labels follow the convention of locus name, species, and strain ID when available. Meiklejohn et al., 2018) . 576 Further analyses of the genomes of populations of multiple Podospora species is needed in order 577 to resolve the history of the Spok genes and the block. 578 At this stage, our data strongly suggest that the Spok block is moving in the genomes as a unit, 579 but nevertheless, the mechanism of movement remains unknown. It may be hypothesized that 580 movement of the block is achieved via an interaction with TEs at different genomic locations and 581 non-allelic homologous recombination. This hypothesis is supported by the observation that the to note that many toxin families rely on nuclease activity (Harms et al., 2018) . The contrast between 595 our system and TA systems, however, resides in the fact that Spok toxin and antitoxin activities 596 appear to be supported by the same protein molecule. While it is premature to propose a model 597 for the molecular basis of Spok-gene drive, it can be stated that the kinase activity is able to 598 counter the toxic activity of the nuclease domain of the same protein. One may hypothesize 599 that autophosphorylation of the SPOK proteins relieves toxicity by inhibiting the nuclease activity. 600 Alternatively, it could be that it is the phosphorylation of a distinct macromolecule or metabolite 601 that nullifies toxicity. This last hypothesis is supported by the fact that the kinase domain of SPOK 602 proteins resemble small molecule kinases more than protein kinases. In a simple model, the 603 same molecule could be the target of both the kinase and nuclease activity. One can for instance 604 imagine that the phosphorylation of the target would make it recalcitrant to the toxic action of 605 the nuclease domain. All killing models have to explain why the proposed inhibitory activity of the 606 kinase domain occurs only in spores bearing the Spok gene, yet suicidal point mutations can be 607 rescued in trans (Grognet et al., 2014) . The kinase and nuclease activity of the SPOK proteins might 608 be differentially concentration-dependent, with the kinase activity favored at high SPOK-protein 609 concentrations presumably occurring only in spores expressing the Spok gene. Alternatively, the 610 possibility for kinase activity to protect against toxic activity of the nuclease domain might be 611 temporally constrained during ascospore maturation so that spores exposed to SPOK proteins 612 later in development (those not bearing Spok genes) might not benefit from the protective action. et al., 2015) . The fact that Spok1 and Spok4 have the Absence of resistance 634 One of the main factors that stands out in the Podospora system as compared to the other well 635 studied spore killers is the lack of resistant strains. Only one strain of P. anserina (strain A) has 636 ever been described as resistant (Grognet et al., 2014) . Again, the lack of cross-resistance does not solely appear to be the result of functional constraints, 646 as Spok1, which is highly similar to Spok4, is resistant to all other Spok homologs. It is possible 647 that it is more advantageous to combine multiple independent spore killers than to have a single 648 broadly resistant gene. This option is supported by two observations presented in this study: the 649 occurrence of the killing hierarchy and the association of Spok3 and Spok4. The fact that Spok3 and 650 Spok4 are present in the Spok block means that they are in tight linkage with each other. It may 651 be the case that the linkage was selected for because it provided strains with the ability to drive 652 against strains with just Spok3 or just Spok4. However, this association could also be simply the 653 result of a duplication without invoking selection. Whether the killing hierarchy we observe in P. 654 anserina is due to a complex battle among the Spok homologs or a result of the existence of the 655 Spok block will require further experimentation and mathematical modeling to resolve. (Wang et al., 2009; Prieto and Wedin, 2013) . 661 Yet these systems display similar evolutionary dynamics within their respective species. Both of 662 these systems are built of multiple members of gene families, that appear to duplicate, rapidly The factors determining the abundance and diversity of multigene family meiotic drivers in a 671 species are the rates of gene duplication and loss, and time since origin. In the case of the Spok 672 genes, we expect a low rate of deletion as they approach fixation, due to the dikaryotic nature of 673 Podospora. Specifically, when first appearing, a deletion is only expected to be present in one of 674 the two separate nuclear genomes maintained within a dikaryon. Any selfing event should erase 675 (i.e. drive against) the deletion, meaning that in order to become homoallelic for a deletion, the 676 strain would have to outcross with another individual with no Spoks or different Spoks from itself. 677 Such outcrossing could allow deletions of Spok3 and Spok4, but as Spok2 is nearly fixed in the 678 population, any outcrosses event should also lead to the deletion being eliminated by the driving 679 action of Spok2. A possible solution to the paradoxical finding that Spok2 appears to have been 680 lost occasionally is that the incomplete penetrance of Spok2 may have allowed spores that were 681 homoallelic for the deletion to survive and persist. In this sense, Spok2 fits the wtf model of driver 682 turn over well, wherein it is beginning to lose killing function after becoming fixed in the population.
683
SpokΨ1 is missing the portion of the gene responsible for killing and the small Spok fragment of P. 684 comata also corresponds to the resistance part of the gene. Both these observations suggest the 685 killing domain may have been lost prior to these genes becoming fully pseudogenized and hints 686 that they may have functioned as resistance genes. 687 It has been pointed out that spore killing may be a weak form of meiotic drive, since the 688 transmission advantage is relative to the number of spores produced in a given cross, but there 689 is no absolute increase at the population level (Lyttle, 1991) . Hence, a spore killer requires an 690 additional fitness advantage to reach fixation in a population (Nauta and Hoekstra, 1993) Donnell et al., 2004) , there may be a cryptic sexual cycle in which the Spok homologs are active.
725
Conclusions
726
With this study, we have provided a robust connection between phenotype and genotype of spore 727 killing in P. anserina. We showed that meiotic drive in Podospora spp. is governed by genes of the 728 Spok family, a single locus drive system that confers both killing and resistance within a single 729 protein, which synergize to create hierarchical dynamics by the combination of homologs at differ- or HiSeq X (150bp-long reads) ( Table 1) . 779 Culturing, extracting and sequencing genomic DNA using PacBio RSII 780 In order to generate high molecular weight DNA suitable for sequencing using PacBio, eight strains 781 were grown on PASM0.2 for 5 -7 days ( Table 1) . The agar with mycelium was cut into small 782 pieces and used as inoculum for flasks containing 3% malt extract solution, which were 783 then incubated on a shaker for 10 -14 days at • . The mycelia was filtered from the flasks, cut 784 into small pieces and~ was allotted into tubes with screw-on caps, after which the tubes 785 were stored at − • . High molecular weight DNA was then extracted following the procedure 786 described in Sun et al. (2017) . In brief, the mycelium was freeze-dried and then macerated, and 787 DNA was extracted using Genomic Tip G-500 columns (Qiagen) and cleaned using the PowerClean We generated transcriptomic data from dikaryotic strains that undergo spore killing during selfing. 811 The S 14 backcrosses (see below) were mated to the strain S in order to obtain killer heteroallelic 812 spores (from 4-spore asci) that were dissected from ripe fruiting bodies (see Figure 1 - Figure   813 Supplement 2). Okonechnikov et al., 2016) . 841 The raw PacBio reads were filtered and assembled with the SMRT Analysis package and the 842 HGAP 3.0 assembler (Chin et al., 2013) . The resulting assembly was error-corrected (polished) with 843 Pilon v. 1.17 (Walker et al., 2014) (Bankevich et al., 2012; Antipov et al., 2015) using the k-mers 21,33,55,77 and the -careful option. 849 Assemblies were evaluated using QUAST v. 4.6.3 (Mikheenko et al., 2016) . Scaffolds showing alignments of the Spok block and the Spok2 region (Figure 2, Figure 3, and Figure 2 - Figure   869 Supplement 1) were generated by extracting the regions from each de novo assembly and aligning 870 them in a pairwise fashion using MUMmer as described above. The MUMmer output were then 871 visualized using a custom Python script.
872
Genome annotation 873 For annotation, we opted for gene prediction trained specifically on P. anserina genome features. 874 We used the ab initio gene prediction programs Introgressions of the Spore-killing loci 905 Backcrossed strains of the various spore killer phenotypes were generated through five recurrent 906 backcrosses to the reference strain S (S 5 ) by van der Gaag et al. (2000) . In the original study, the 907 strains selected as spore killer parents were Wa53+ for Psk-1, Wa28-for Psk-2, Y+ for Psk-5, and 908
Wa58-for Psk-7. The S 5 strains are annotated as Wa170 (Psk-1), Wa130 (Psk-2), Wa200 (Psk-5), and 909 Wa180 (Psk-7) in the Wageningen Collection, however for the sake of clarity we refer to them as 910 Psk1xS 5 , Psk2xS 5 , Psk5xS 5 , and Psk7xS 5 . 911 We sequenced the S 5 strains along with the reported parental strains using Illumina HiSeq 912 2500. We mapped the reads to Podan2 as described above, followed by SNP calling using the 913 HaplotypeCaller pipeline of GATK (options: -ploidy 1 -newQual -stand_call_conf 20.0). We re-914 moved sites that had missing data, that overlapped with repeated elements as defined by Re- 915 peatMasker, or where all samples were different from the reference genome, using VCFtools v. Collection. These mutations should be present in the backcrosses, but they are independent from 924 the spore killer elements. 925 Inspection of the introgressed tracks revealed that the variants of the backcross Psk1xS 5 do not 926 match perfectly Wa53+ (the reported parent). Given that the Spok content is the same as Wa53+, 927 the introgressed track co-occurs with the expected position of the Spok block in chromosome 3, and 928 the fact that the phenotype of this backcross matches a Psk-1 spore-killer type, we concluded that 929 Wa170 (Psk1xS 5 ) in the collection actually belongs to another of the Psk-1 backcrosses described in 930 the doctoral thesis of van der Gaag (2005), likely backcrossed from Wa52. Puzzling, an introgressed 931 track in the chromosome 3 of the Psk2xS 5 strain does not match the expected parent (Wa28) 932 either, both in SNPs and het genes alleles (Figure 2-Figure Supplement 3) . However, other tracks in 933 different chromosomes, including that of chromosome 5 where the Psk-2 Spok block can be found, 934 do match Wa28. Likewise, Psk2xS 5 only has Spok2 and Spok3 copies like Wa28. Hence, we concluded 935 that our results are not affected by these inconsistencies. 936 As reported by van der Gaag et al. (2000) , the S 5 strains were generated by selecting ascospores 937 from 2-spored asci of crosses between S and the spore killer parent. This procedure ensures that 938 the offspring will be homozygous for alleles of the spore-killer parent from the spore killing locus 939 to the centromere (Box 1 and Figure 2-Figure Supplement 3) . To eliminate as much background 940 as possible from the spore killer parents in the backcrossed strains, nine additional backcrosses 941 were conducted where ascospores were selected from 4-spored and 2-spored asci in alternating 942 generations. Ascospores from the final generation were selected from 2-spored asci to ensure 943 the strains would be homozygous at the spore-killing locus. These strains are the result of 14 944 backcrosses to S (S 14 ) and are annotated as Psk1xS 14 , Psk2xS 14 , Psk5xS 14 , and Psk7xS 14 . The S 5 and 945 S 14 strains were phenotyped by crossing the strains to their parents as well as other reference spore 946 killer strains to confirm that the killing phenotypes remained unchanged after the backcrosses. 
